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ABSTRACT
The physical characteristics of stress corrosion cracking of titani-
um in an aqueous chloride environment are compared with those of embrittle-
ment of titanium by a gaseous hydrogen environment in an effort to help
contribute to the understanding of the possible role of hydrogen in the
complex stress corrosion cracking process. Based on previous studies,
the two forms of embrittlement are shown to be similar at low hydrogen
pressures (100 N/m2) but dissimilar at higher hydrogen pressures. In an
effort to quantify this comparison, tests were conducted in an aqueous
chloride solution using the same material and test techniques as had pre-
viously been employed in a gaseous hydrogen environment. The results of
these tests strongly support models based on hydrogen as the embrittling
species in an aqueous chloride environment. Further, it is shown that if
hydrogen is the causal species, the effective hydrogen fugacity at the
surface of titanium exposed to an aqueous chloride environment is equiva-
n
lent to a molecular hydrogen pressure of approximately 10 N/m .
INTRODUCTION
Stress-corrosion cracking, of a metal in general and of titanium
in particular, is a complex process dependent on both metallurgical and
environmental variables. As an example, for titanium alloys, aqueous
chloride solutions (salt water solution containing 3.5% NaCl) have been
observed to affect some alloys while others are apparently immune from
attack. Additionally, some alloys are immune from attack by molten
2
MgCl , but are deleteriously affected by aqueous chloride solutions.
The results of these and numerous other studies have produced an exten-
sive debate as to the causal species involved in the stress corrosion
cracking of titanium alloys. Under seemingly identical environmental
conditions, stress-corrosion cracking has been explained both by a hydro-
gen embrittlement mechanism ' as well as by a stress-sorption mechanism
involving a halide ion. In fact, resolution of the role of hydrogen in
the stress-corrosion cracking of titanium alloys has been identified by
Q
some as the major barrier to the understanding of the stress-corrosion
cracking process.
A simple high purity gaseous hydrogen environment has been shown to
9
have a deleterious effect on the fracture behavior of many metals includ-
ing titanium. . This form of embrittlement invites comparison with
stress corrosion in that, a hydrogen, a potential causal species in aque-
ous chloride stress corrosion, is isolated from the much more complex
aqueous chloride environment. Although one involves a gaseous environ-
ment and the other a liquid environment, both forms of embrittlement are
inherently similar in that the embrittling species is not originally
present within the metal but must interact with or enter through the
metal surface while the metal is in a state of stress.
x
It is the purpose of the present paper to compare environmental
hydrogen embrittlement and aqueous chloride stress corrosion cracking of
titanium in an effort the help contribute to the understanding of the
role of hydrogen in the complex stress corrosion process. First, environ-
mental hydrogen embrittlement of a-$ titanium will be considered in terms
of the results of recent investigations in order that the physical
manifestations of this form of embrittlement can be catalogued. The
interpretation of these results will be summarized in an effort to better
understand the mechanistic aspects of this form of embrittlement. Next,
the discussion will be extended to include observations made by other
investigators on the stress corrosion cracking of titanium alloys in
aqueous chloride solutions in which hydrogen may play a role in the crack-
ing process. The physical characteristics of stress corrosion cracking
will be qualitatively compared with those of environmental hydrogen
embrittlement. Finally, in an effort to quantify this comparison, the
results of the present investigation, conducted in an aqueous chloride
environment using the same material and similar test technique as pre-
10-12
viously employed in the gaseous hydrogen studies will be presented
and discussed.
GASEOUS HYDROGEN EMBRITTLEMENT OF TITANIUM
Environmental hydrogen embrittlement of the T1-6A1-4V alloy was
first investigated as a function of variations in alloy microstructure
and test displacement rate at a hydrogen pressure of near one atmosphere
90.6 K N/m2 (680 torr) at room temperature. All microstructures studied
were found to be susceptible to environmental hydrogen embrittlement; how-
ever, the degree of susceptibility was observed to be strongly dependent
on both test displacement rate and microstructure. For a given micro-
structure, embrittlement was found to increase with decreasing test dis-
placement rate, as shown in Fig. 1. Plotted in this figure is the ratio
K /K . a measure of embrittlement, versus displacement rate where Ks c g Q i c -
 s c g
is a nonstandard stress-intensity for the initiation of measurable sub-
critical crack growth and K is a non-valid critical stress intensity
for failure. As seen in Fig. 1, for any given test displacement rate, at
a constant hydrogen pressure of 90.4 kN/m2, the microstructure described
as equiaxed a was found to be the less embrittled while the microstructure
described as acicular a in a 3 matrix was found to be the more embrittled.
When the Ti-6Al-4V alloy having microstructures of acicular a and
12
equiaxed a were investigated as a function of hydrogen pressure , embrit-
tlement of the microstructures was found to exhibit strikingly different
pressure dependencies as shown in Fig. 2. It is seen from this, figure
that for a fixed displacement rate, hydrogen at a pressure near L atm
(9.04x10** N/m2) embrittles both structures, but has a greater effect on
the alloy having a continuous B-matrix (acicular a in a 3 matrix) than on
that with a continuous a-matrix (equiaxed a).
As the hydrogen pressure is decreased, however, the degree of embrit-
tlement observed in the specimens having a continuous p-matrix decreases
until, at a hydrogen pressure of approximately 1 N/m2, no embrittlement is
observed. In contrast to these observations, in specimens with a continu-
ous .a-matrix, the degree of embrittlement appears to be unaffected by a
decrease in the environmental hydrogen pressure down to at least 1.3 N/m2,
the lowest pressure of the study.
The microscopic fracture path of hydrogen-induced slow crack growth
12
was also examined. In specimens having a continuous a-matrix, growth
at all pressures investigated appears to be primarily transgranular through
the a-phase grains accompanied by a minor amount of intergranular growth.
In specimens having a continuous 6-matrix, a change in hydrogen pressure
was observed to affect the predominant microscopic fracture path. Figs. 3(a)
and 3(b) are photomicrographs of typical subsurface cracks observed in
specimens having a continuous 3-matrix and fractured in hydrogen at
9.06 x 104 N/m2 (Fig. 3(a)) and at 1.3 x 10 * N/m2 (Fig. 3(b)). It is seen
that at the higher hydrogen pressure, the predominant form of cracking
occurs in an intergranular manner along prior 3 and transformed a platelet
boundaries, however, at the lower hydrogen pressure, cracking is primarily
transgranular through the prior 3 grains and across the transformed a
platelets.
Specimen profiles comparing macroscopic, hydrogen-induced, slow crack
growth patterns observed in specimens having the two microstructures are
shown in Fig. 4. Hydrogen-induced slow crack growth in the acicular
microstructure (Fig. 4 (a)) is seen to occur with little or no crack branch-
ing and the macroscopic crack growth direction is. essentially normal to
the maximum applied load at all hydrogen pressures studied. In the equi-
axed a microstructure (Fig. 4(b)), however, hydrogen-induced slow crack
growth results in severe crack branching away from the normal crack growth
direction at ail environmental hydrogen pressures studied.
The above observations of environmental hydrogen embrittlement of
Ti-6Al-4V alloy are summarized in Table I. In this table, the first col-
umn lists the characteristics on which the observations are based, the
second column lists the conditions placed on the observations, and the
third and fourth columns list the observations made on specimens having
microstructures of a continuous a-phase with dispersed 3 in the boundaries,
and of a continuous, g-phase surrounding the a-phase titanium, respectively.
Based on these results, it was suggested that environmental hydrogen
embrittlement of a-g titanium is controlled by the rate processes involved
in the competition of intergranular cracking along ot/g boundaries and
transgranular cracking across a grains.
It is hypothesized that when a continuous network of g phase is pres-
ent in the microstructure, a "short-circuit" transport path exists which
enables hydrogen to penetrate more readily into the titanium lattice.
Here, the rate process exhibits an apparent activation energy of 23.0 MJ/
mole (5500 cal/mole) and appears to be bulk diffusion of hydrogen through
g-phase titanium. As the hydrogen pressure is decreased, the solid-
solution hydrogen concentration in the g phase near the crack tip surface
to
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is lowered through the normal equilibrium relations, the concentration-
gradient induced hydrogen transport in the B phase is .decreased, less
hydrogen is able to penetrate into the microstructure in a given time
period, and embrittlement is decreased (Fig. 2). In microstructures con-
taining a continuous matrix of a phase, the short-circuit hydrogen trans-
port path does not exist. Hydrogen must, then, interact directly with
a-phase titanium initially forming a thin, continuous hydride layer on
the clean a titanium surface. Under such conditions, further hydride
growth will be diffusion limited in a manner similar to that described by
the Wagner theory of oxidation. Under the conditions of the present
study, where the hydrogen pressure is much greater than the hydride dis-
14 15
sociation pressure, ' further hydride growth will be nearly independent
of hydrogen pressure. Additionally, transgranular cracking observed in
this microstructure is consistent with the idea of hydride formation '
within the a-phase titanium grains.
The change in fracture path in the acicular microstructure (continu-
ous $-phase), observed to result from variations in hydrogen pressure
(Fig. 3), is consistent with the idea of competing processes. At higher
pressures, intergranular cracking dominates because hydrogen can be readily
transported in the g phase and can interact with the a phase at the bound-
To
aries in a manner simular to that proposed by Craighead et al. At low
pressures, however, equilibrium solubility decreases and hydrogen transport
is no longer enhanced in the 6 phase. In fact, embrittlement will be less
than that observed in a continuous a matrix microstructure because cracks
propagating through the a phase are blunted by the g phase at the boundaries.
A COMPARISON BETWEEN STRESS-CORROSION
CRACKING AND ENVIRONMENTAL HYDROGEN EMBRITTLEMENT
Both aqueous chloride stress corrosion cracking and environmental
hydrogen embrittlement have inherent similarities in that an interaction
between the environment and the metal must take place during the embrittle-
ment process. Such similarities are implied in all forms of environmental
embrittlement and will not be dwelt upon here, but include the need for
local removal of the protective oxide film normally present on the metal
19
surface (either by deformation or dissolution), and the maintenance of
this contaminant-free metal surface by an environment free of passivators,
20
such as an oxygen contaminant in a gaseous hydrogen environment.
Stress corrosion cracking of titanium alloys in aqueous chloride solu-
tions has been studied extensively and several good reviews are available.
Table II is a summary of some of the physical characteristics of this form
of stress-corrosion cracking. These characteristics can now be compared
with similar observations made in a gaseous hydrogen environment (Table I).
Stress corrosion cracking of titanium alloys is a time dependent phe-
nomenon (Table II), indicating that embrittlement is controlled by a rate
22process. Boyd has recently studied the kinetics of crack growth in the
Ti-8Al-lMo-lV alloy having an equiaxed a structure and concludes that crack
growth rate is controlled by the rate of production or by the diffusion of
some embrittling species. The apparent activation energy for crack growth
was observed to be 23.4 MJ/mole (5600 cal/mole). These rate kinetics are
at the least qualitatively similar to those observed in environmental
8
TABLE II. - PHYSICAL MANIFESTATIONS OF AQUEOUS CHLORIDE
STRESS-CORROSION CRACKING OF TITANIUM
Observations
Continuous a Continuous 3
Characteristic microstructure microstructure
(equiaxed a) (acicular a)
Time dependence Time to failure in- . Time to failure in-
creases as static creases as static
load decreases load decreases
Susceptibility Severe Moderate to
negligible
Aqueous chloride- Severe No data
induced crack
branching
Aqueous chloride- Transgranular Transgranular
induced fracture cleavage cleavage
mode
hydrogen embrittlement where the degree of embrittlement was found to be
inversely dependent on the test displacement rate.(Table I). Addition-
ally, it is interesting to note that the apparent activation energy
observed for crack growth in a hydrogen environment (23.0 MJ/mole) is
nearly identical to that observed in an aqueous chloride environment.
Microstructure plays a primary role in determining the susceptibility
of titanium alloys to stress corrosion (Table II). Lane, et al, has stud-
ied a large number of titanium alloys having a variety of microstructures
exposed to a seawater environment. In general, they conclude that the
a-phase alloys are the most susceptible and that treatments which produce
a continuous g-phase microstructure lessen and many times eliminate the
susceptibility of the alloy to stress-corrosion cracking. This conclusion
23-27is further supported by more recent studies. Specifically, consider-
7 f\
ing the Ti-6Al-4V alloy, Curtis and Spurr found that the equiaxed a-
phase microstructures are susceptible to stress-corrosion cracking and
that treatments which transform this structure to an acicular morphology
lessen susceptibility. In a comparison of these observations with those
of environmental hydrogen embrittiement (Table I), it is seen that a simi-
larity exists only at low hydrogen pressures - less than 100 N/m2 (8xlO-1
torr) (Fig. 2). At the higher hydrogen pressures, the microstructural
dependence is the reverse for these two forms of embrittlement.
The macroscopic fracture path, microscopic fracture path, and fracture
mode all are affected by an aqueous chloride environment (Table II). In
structures with primarily a-phase titanium, stress-corrosion cracking in
10
general is associated with severe macroscopic crack branching, with
^ O f\ A *)£.
transgranular cracking of the a-phase grains, ' . ' .and with a mode of
26 28 29 30
failure described as cleavage, ' ' quasi-cleavage, or nonclassical
cleavage. Consistent with these observations, environmental hydrogen
embrittlement of the Ti-6Al-4V alloy having a similar continuous a-phase
microstructure is associated with severe crack branching (Fig. 4(b))f pri-
marily transgranular failure with both transgranular and intergranular
subsurface cracking, and the failure mode described as nonclassical
cleavage (Table I). In structures with primarily coarse, acicular a-phase
titanium, Lane, et al., has observed that in seawater, stress-corrosion
cracking occurred transgranularly through prior 3 grains and across, the
transformed a platelets. These observations are in agreement with the
hydrogen-induced crack path observed at the intermediate hydrogen pressure
of 13 N/m2 (1x10 torr) (Fig. 3(b)). Again, at higher hydrogen pressures,
this similarity does not exist (Fig. 3(a)).
In summary, some of the physical characteristics of stress-corrosion
cracking of titanium in an aqueous chloride environment have been quali-
tatively compared with those of environmental hydrogen embrittlement of
titanium. At hydrogen pressures near one atmosphere, only a few obvious
similarities exist between these two forms of embrittlement. However, at
hydrogen pressures of less than 100 N/m2 (SxlO"1 torr), a qualitative
similarity has been shown to exist. At these lower hydrogen pressures,
both forms of embrittlement exhibit (1) a time dependent failure indicat-
ing the occurrence of a rate process, (2) a similar microstructural sensi-
tivity with embrittlement most severe in microstructures having a
11
continuous a-phase matrix, and (3) embrittlement associated with severe
crack branching and a transgranular cleavage mode of f,ailure. Although
the role of hydrogen in the aqueous chloride stress-corrosion cracking
of titanium cannot be ascertained from this comparative study, it has
been established that under a particular set of conditions (low environ-
mental hydrogen pressures), the two forms of embrittlement are similar.
EXPERIMENTS AND DISCUSSION
Tests were conducted on Ti-6Al-4V in a 3.5% NaCl aqueous environment
using the same material and similar test technique as previously employed
in the gaseous hydrogen studies. ' This was done in order to make a
direct comparison of these two forms of embrittlement.
The material was commercially obtained Ti-6Al-4V alloy, received in
the mill-annealed condition. Prior to testing, all specimens were given
one of the following two heat treatments: (1) solution treated at 1103°K
for 40 min, water quenched, and aged at 783°K for 12 hr; or (2) solution
treated at 1311°K for 40 min, stabilized at 977°K for 1 hr and 866°K for
1 hr, and air cooled. All heat treating was done in a vacuum furnace.
For that heat treatment requiring rapid quench rate, the furnace was back-
filled with argon immediately before quenching (while the specimen was
kept at temperature) and then the specimen was removed and quenched in
t
less than 2 sec.
12
The microstructures resulting from the two heat treatments are shown
in Fig. 5 and are identical to those of the previous study. As can be
seen, the low-temperature solution treatment and age (Fig. 5 (a)) resulted
in primary a-phase, equiaxed grains forming a continuous matrix with the
retained g-phase finely dispersed in the a boundaries. The solution treat-
ment, done at temperatures well into the g-field and followed by a stabili-
zation (Fig. 5(b)), resulted in a structure of coarse, acicular a-phase
transformed a needles in a 3 matrix.
Fracture tests were conducted using the same specimen configuration
and loading mode as previously employed. Specimens were precracked bend
specimens which were loaded in three-point bending. These specimens did
not conform to the ASTM thickness guideline for plane-strain fracture tough-
ness specimens but, since the data to be obtained were intended to be only
comparative in nature, this was considered to be relatively unimportant.
Stress intensity values were calculated from the maximum load measured on
the load-displacement record by using a fourth-degree polynomial expression
for pure bending. As in the previous tests, these nonstandard stress
intensity values are designated as K , the stress-intensity for the ini-
scg
tiation of measurable subcritical crack growth.
All tests were conducted at room temperature and at a constant dis-
o
placement rate, D, of 8.9 x 10~° m/sec in an environment of 3.5% NaCl by
weight in distilled water. The solution was contained in a lucite vessel
and all metallic components exposed to the solution, with the exception
of the test specimen;• were isolated by the use of a continuous polymeric
13
coating. The solution had a pH of approximately 6 and tests were con-
ducted under conditions of uncontrolled potential.
Five tests were conducted under identical conditions on specimens
having each of the two microstructures (Fig. 5). The results of these
tests are summarized in Table III as the ratio K /K . Also shown in
scg Q
this table are the mean and standard deviation for the two sets of data.
As is seen, specimens of both microstructures were influenced by the
aqueous chloride environment with the equiaxed microstructure (continuous
a-phase) more severely affected than the acicular microstructure (con-
tinuous $-phase) specimens. These results are consistent wtih the micro-
structure dependence of aqueous chloride stress corrosion cracking observed
26
in T1-6A1-4V as previously reported by Curtis and Spurr and are consistent
with that observed in a gaseous hydrogen environment only at hydrogen pres-
sures less than 100 N/m2 (SxlO'1 torr) (Fig. 2).
The data of the present study (Table III), obtained in an aqueous
chloride solution, are directly compared with similar data obtained in a
12gaseous hydrogen environment in Fig. 6. This figure, a replot of Fig. 2,
shows embrittlement as a function of hydrogen pressure for the two micro-
structures tested. Superimposed on this figure are two horizontal dashed
lines indicating the degree of embrittlement observed in an aqueous chlor-
ide environment for the two microstructures tested under otherwise identical
conditions. As seen in Fig. 6, severity of embrittlement is nearly identi-
cal in specimens having an equiaxed microstructure (Fig. 5 (a)) in either
environment. Since gaseous hydrogen embrittlement of this microstructure
14
TABLE III. - SUMMARY OF RESULTS OF THREE-POINT BEND
TESTS CONDUCTED IN A 3.5% NaCl AQUEOUS
SOLUTION
K /K
scg Q
continuous a microstructure continuous £ microstructure
(equiaxed a) (acicular $)
0.80 0.84
0.70 0.88
0.87 0.98
0.73 0.84
0.80 0.87
mean 0.78 mean 0.88
Standard deviation Standard deviation
from mean = 0.07 from mean = 0.06
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is seemingly independent of hydrogen pressure yet results from the pres-
ence of the hydrogen species, the similarity in the ratio K /K observed
scg Q
in the two environments is strong evidence that hydrogen is the causal
species in the aqueous chloride environment. This is further substantiated
by the nearly identical fracture appearance of specimens failed in the two
environments, as seen in Fig. 7. This figure consists of SEM fracto-
graphs of equiaxed titanium specimens failed in hydrogen (Fig. 7(a)) and
in aqueous chloride (Fig. 7(b)) environments. As seen in this figure, both
fracture surfaces contain numerous subsurface cracks which appear to be
both intergranular and transgranular. Additionally, both surfaces contain
faint wavy striations.
If hydrogen is the species which embrittles titanium in an aqueous
chloride environment, the environmental influence on specimens having an
acicular microstructure dictates that in aqueous chloride the effective
hydrogen fugacity at the titanium surface must be equivalent to a molecular
hydrogen pressure of less than 100 N/m2 (8 x 10"1 torr). This is better
seen in Fig. 6. For the material and conditions of the present tests, the
effective equivalent hydrogen pressure must be approximately 10 N/m2
(8 x 10~2 torr) — the pressure of a hydrogen environment where the severity
of embrittlement is observed to .be equal to that noted in the aqueous
chloride environment.
The fracture appearance of acicular specimens failed in an aqueous
chloride environment also substantiates the idea of hydrogen being present
at the titanium surface at low concentrations. Figure 8 is a SEM
16
fractograph of an acicular titanium specimen failed in an aqueous chloride
environment. As seen from this figure, failure occurred by a combination
of transgranular failure and ductile tearing, is similar to that observed
in a molecular hydrogen environment at less than 100 N/m2 (8 x 10"1 torr)
12
and is much different than that observed at high hydrogen pressures.
SUMMARY
The physical characteristics of gaseous hydrogen embrittlement of a-ft
titanium have been compared with those of stress corrosion cracking of
titanium in an aqueous chloride environment. From previous data it was
seen that only a few obvious similarities exist between these two forms of
embrittlement at high hydrogen pressures (near one atmosphere). However,
at hydrogen pressures of less than 100 N/m2 (8 x 10"* torr), a qualitative
similarity does seem to exist. Both forms of embrittlement exhibit (1) a
similar time dependent failure indicating the occurrence of the same rate
process, (2) a similar microstructural sensitivity with embrittlement most
severe in micros true tures having an equiaxed ot-phase matrix, and (3) em-
brittlement associated with severe crack branching and a transgranular
cleavage mode of failure.
In an effort to help quantify the comparison between the two forms of
embrittlement, tests were conducted in an aqueous chloride solution using
the same material and test techniques as had previously been employed in a
gaseous hydrogen environment. . For specimens having an equiaxed microstruc-
ture, severity of embrittlement and mode of failure were found to be nearly
17
identical in both environments. This similarity strongly supports the
premise that hydrogen is the embrittling species in an aqueous chloride
environment as well. If hydrogen is in fact the causal species, from a
comparison of the environmental influence on specimens having an acicular
microstructure, it is dictated that the effective hydrogen fugacity at
the titanium surface must be equivalent to a molecular hydrogen pressure
of approximately 10 N/m2 (8 x 10~2 torr).
18
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Pig. 1. - Gaseous hydrogen embrittlement of T1-6A1-4V as a. function of
test displacement rate for two microstructures
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Fig. 2. - Gaseous hydrogen embrittlement of Ti-6Al-4V as a function of
hydrogen pressure for two microstructures.
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Fig. 3. - Microscopic hydrogen-induced cracking observed in Ti-6Al-4V
specimens having an acicular a-phase microstructure tested at
hydrogen pressures of (a) 9.06x10^  N/m2 and (b) l.SxlO1 N/m2.
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Fig. 4. - Macroscopic hydrogen-induced cracking observed at a hydrogen
pressure of 9.06x10 N/m for T1-6A1-4V specimens having (a)
an acicular a-phase microstructure, and (b) equiaxed a-phase
microstructure.
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Fig. 5. - Representative microstructures of Ti-6Al-4V alloy given the
following treatments: (a) solution treat at 1103°K for 40 min,
water quench and 783°K age for 12 hr, and (b) solution treat at
1311°K for 40 min, stabilize at 977°K for 1 hr and 866°K for
1 hr, and air cool. Kroll's etch.
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Fig. 6. - A comparison of severity of embrittlement observed in gaseous
hydrogen as a function of hydrogen pressured2) and that observed
in an aqueous chloride environment for two microstructures.
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Fig. 7. - SEM fractographs of equiaxed specimens failed (a) in a gaseous
hydrogen environment at 13 N/m and (2) in an aqueous chloride
environment.
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Fig. 8. - SEM fractograph of an acicular specimen failed in an aqueous
chloride environment.
